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Electronic properties of low dimensional superconductors are determined by many-
body-effects. This physics has been studied traditionally with superconducting thin
films, and in recent times with two-dimensional electron gases (2DEGs) at oxide
interfaces. In this work, we show that a superconducting 2DEG can be generated
by simply evaporating a thin layer of metallic Al under ultra-high vacuum on a
SrTiO3 crystal, whereby Al oxidizes into amorphous insulating alumina, doping the
SrTiO3 surface with oxygen vacancies. The superconducting critical temperature of
the resulting 2DEG is found to be tunable with a gate voltage with a maximum
value of 360 mK. A gate-induced switching between superconducting and resistive
states is demonstrated. Compared to conventionally-used pulsed-laser deposition
(PLD), our work simplifies to a large extent the process of fabricating oxide-based
superconducting 2DEGs. It will make such systems accessible to a broad range of
experimental techniques useful to understand low-dimensional phase transitions and
complex many-body-phenomena in electronic systems.
a)Electronic mail: shamashis.sengupta@csnsm.in2p3.fr
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Introduction
Low dimensional conductors exhibiting superconductivity at sufficiently low temperatures
are ideal platforms for studying a variety of physical phenomena like quantum phase transi-
tions, competing orders and several types of many-body effects1,2. Research in this area has
been conducted mostly with thin films of superconductors3,4. The recent discovery of super-
conductivity in two-dimensional electron gases (2DEGs) in oxide-based heterostructures5 has
enabled researchers to control the carrier density in the same sample with a gate voltage and
observe the ensuing evolution of electronic properties. These 2DEGs display a ‘superconduct-
ing dome’6–11 in the variation of critical temperature as a function of carrier density, reminis-
cent of the phase diagram of high temperature superconductor cuprate compounds12. Other
findings include the signature of pairing states without superconductivity13 and pseudogap-
like features in the spectral density-of-states14. These results have projected these 2DEGs
as model systems to study complex many-body-effects and different aspects of electronic
correlations in low dimensions.
Contrary to atomically thin crystalline solids15–18 which require an ionic liquid dielectric
for gating of superconduting properties, oxide-based 2DEGs are compatible with a solid-
state dielectric, making them easier to operate for reproducible features. The conventional
method of fabricating an oxide-based superconducting 2DEG (with a solid-state dielectric for
gating applications) requires depositing a capping layer of binary (e.g. Al2O3
19) or tertiary
(e.g. LaAlO3
5,6, LaTiO3
20) oxide on SrTiO3 surface using pulsed laser deposition (PLD).
Here we demonstrate a simpler and very accessible method of realizing a 2DEG with gate-
induced resistive-to-superconductive switching and tunable critical temperature at the sur-
face of SrTiO3, using just the thermal deposition of an aluminum layer on top of it
21. In any
SrTiO3-based heterostructure (the most studied example of this kind being LaAlO3/SrTiO3),
the conducting 2DEG is created on the SrTiO3-side of the interface, populating the bands
arising from Ti 3d orbitals22. The role of the capping layer is to support the electrostatic
environment for free electrons to be doped into the Ti 3d bands, either by the polar catastro-
phe mechanism5,6,23 or by the maintenance of oxygen vacancies11,24–26. The latter principle
is used in our experiments. As reported by Ro¨del et al.21, evaporation of 0.2 nm of Al on
SrTiO3 creates a conducting 2DEG, the existence of which was confirmed by angle resolved
photoemission spectroscopy (ARPES) experiments. Al pumps O atoms from the surface of
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FIG. 1. Schematic of the process for realizing an AlOx/SrTiO3 heterostructure for
transport measurements. (a) Al is thermally evaporated on the surface of TiO2-terminated
SrTiO3 (001). Vacancies are created at the surface of SrTiO3 by a redox reaction between Al and
O atoms forming an insulating capping layer of AlOx. The oxygen vacancies thus created dope
electrons into Ti 3d bands realizing the 2DEG. (b) The 2DEG is electrically contacted by ultrasonic
bonding for transport measurements in four-probe configuration.
the SrTiO3 substrate, in turn getting oxidized to form a capping layer of insulating AlOx.
The oxygen vacancies at the surface of SrTiO3 lead to the doping of conduction states arising
from Ti 3d levels, resulting in a 2DEG. The typical carrier density that is then obtained is
2×1014 cm−221,22.
Here we follow a similar principle for fabricating the samples. However, modifications
from the parameters described in Ref. 21 are necessary for two main reasons. First, the typi-
cal carrier density of superconducting gate-tunable 2DEGs (realized by PLD) on SrTiO3
5–11
is of the order of 2-5×1013 cm−2. Secondly, as we need to take our samples out of the vacuum
chamber for transport measurements, a thicker layer of Al has to be deposited to prevent
oxygen atoms of air from percolating through the capping layer and filling in the oxygen
vacancies, hence destroying the 2DEG. The fabrication procedure was therefore adapted as
follows.
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Sample preparation
TiO2-terminated crystals of SrTiO3 (5 mm × 5 mm × 0.5 mm) with (001) orientation
were introduced into the ulta-high vacuum (UHV) deposition chamber. (See Supplementary
Information for details of the surface cleaning procedure27.) Al was evaporated using a
Knudsen cell at a rate of 0.002 nm/s. Fig. 1a shows a schematic of the process. A total
thickness of 2 nm of Al is deposited. A fraction of this thickness (approximately 0.2 nm)
is oxidized by pumping oxygen21 from SrTiO3 under UHV, and is instrumental in creating
the 2DEG. The rest is oxidized by exposure of the sample to air once taken out of the
deposition chamber. The 2 nm of amorphous insulating AlOx protects the 2DEG against
oxygen percolation from air. The interface 2DEG in this AlOx/SrTiO3 heterostructure is
then electrically contacted (Fig. 1b) by ultrasonic bonding without any extra contacting
pads. Finally, a metallic electrode is realized at the lower surface of SrTiO3 by gluing
the sample on a Cu plate with silver paint, to serve as gate electrode in the transport
measurements. In this paper, we will present the result of transport experiments on three
different samples, to be referred to as Dev1, Dev2 and Dev3.
The electrical contacts on the 2DEG established by ultrasonic bonding pierce through
the capping layer. This enables us to ascertain that the deposited Al has been completely
oxidized and no conducting layer of metallic Al is left behind. If metallic Al was indeed left
behind, our conductance measurements would reflect the conducting properties of this layer
in parallel with the 2DEG. The number of carriers per unit area of a layer of metallic Al
is 1.8×1015 cm−2 for each Angstrom of thickness. We measure a much smaller Hall carrier
density of typically 2×1013 cm−2, showing that there is no conducting Al layer in the capping
layer above the 2DEG. We measured the resistance of the bulk SrTiO3 substrate across its
thickness of 0.5 mm applying voltages in the range of -100 V to 100 V, and found it to be
completely insulating within the limits of our apparatus.
Determination of carrier density and mobility
The resistances of two samples, Dev1 and Dev2, were measured (without any applied gate
voltage) down to 4 K (Fig. 2a) using a physical property measurement system (PPMS). We
measured resistance under an applied magnetic field, in order to extract two characteristics
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FIG. 2. Characterization of carrier density and mobility. (a) Resistance (R) as a function of
temperature (T ) is measured for Dev1 and Dev2. (b,c) Estimated carrier density (n) and mobility
(µ) of the 2DEG are plotted as a function of temperature.
of the charge carriers: the carrier density (n) and the mobility (µ). The variation of resis-
tance, measured over a range of -9 T to +9 T in magnetic field (B), was decomposed into
symmetric (Rxx, even function of B) and anti-symmetric (Rxy, odd function of B) parts to
fit expressions for estimating n and µ. Rxy is the Hall resistance, from which the carrier
density is retrieved (n=−B/eRxy). Fig. 2b shows the corresponding results. The mobility
µ was determined (Fig. 2c) using the Drude-Boltzmann expression for resistivity ρ (at zero
magnetic field): ρ = 1/enµ28. Both samples, Dev1 and Dev2, show a trend of reduction
in n as the temperature is lowered (Fig. 2b). A likely cause of the carrier freezeout is the
localization of electrons in charge trap states at low temperatures25,29. The typical carrier
density observed in our samples at low temperatures (Fig. 2b) is 2×1013 cm−2. This is
similar to the carrier densities for which superconductivity has been observed in PLD-grown
SrTiO3-based heterostructures
5–11. This low carrier density makes the 2DEG suitable for
gate voltage control.
Measurement of superconducting properties
Investigations of the transport properties of the AlOx/SrTiO3 2DEG were carried out at
lower temperatures on samples Dev2 and Dev3, using a dilution refrigerator with a base tem-
perature of 40 mK. Fig. 3a shows the variation of resistance R as a function of temperature
5
FIG. 3. Superconducting properties of the 2DEG. (a) The variation of resistance (R) as a
function of temperature (T ) at different magnetic fields (increasing field values are indicated by
an arrow), measured on Dev3, shows evidence of a superconducting state at low field values. No
gate voltage was applied during this measurement. The dc current applied was 100 nA. The sheet
resistivity for Dev3 is given by Rs = 3.2R, where the factor 3.2 arises due to the geometry of
the contacts. (b) The resistance (R) is measured as a function of magnetic field (B) at different
temperatures. The direction of the arrow indicates higher values of temperature. The dc current
applied was 50 nA. (c) Voltage drop (Vdrop) is measured between the voltage probes as a function
of dc current (Idc) at different temperatures. (d) Critical current (Ic) is plotted as a function of
temperature - experimental data (discrete points) and theoretical fit based on mean-field result for
uniform thin films.
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(T ) of Dev3, at different values of the magnetic field (B), without any applied gate voltage.
Data of Dev2 is presented in the Supplementary Information27. At zero field, Dev3 is super-
conducting with a critical temperature Tc (defined as the temperature at which ∂R/∂T is
maximum) of 360 mK. When a magnetic field is applied, superconductivity is progressively
weakened, with an increasingly large transition width, as is usual for 2D superconductors30.
For magnetic field values exceeding 500 mT, the 2DEG starts to show an insulating
behaviour (Fig. 3a), when the resistance increases at lower temperatures (negative ∂R/∂T ).
As can be seen in Fig. 3b, there is a critical field value of 550 mT for which the resistance
is constant at all temperatures below 360 mK. This is a signature of a magnetic field-
induced superconductor-to-insulator quantum phase transition, as observed in several 2D
superconductors1,4,6,10,31. The data on magnetoresistance (inset of Fig. 3b) allows us to
estimate the superconducting coherence length (ξ). We define the critical magnetic field (Bc)
as the value of B such that R(Bc) =0.1RN , where RN denotes the resistance measured in the
normal state at B=1 T. This criterion gives Bc=210 mT. From the relation Bc = Φ0/2piξ
2,
(Φ0 is the flux quantum) we arrive at an estimate of ξ=40 nm. We should note here that the
calculation of ξ depends upon the criterion adopted to define Bc - if we define the critical
magnetic field as R(Bc)=0.9RN , we get ξ =25 nm. However, in all cases, ξ is larger than the
thickness (t) of the 2DEG. Indeed, one can estimate t from the energy separation between
subbands observed in ARPES studies of an oxygen-vacancy-engineered 2DEG on SrTiO3
(created either by removing oxygen atoms with synchrotron radiation22 or by depositing 0.2
nm of Al21). These systems, with carrier densitites around 2×1014 cm−2, have a thickness
of 2 nm (4-5 unit cells). Due to a different thermal treatment, the AlOx/SrTiO3 2DEG
used in this work has a carrier density (as determined from magnetotransport) an order of
magnitude lesser. The potential well profile depends on the electron density. Biscaras et al.20
studied this relation in oxide heterostructures by solving coupled Schro¨dinger and Poisson
equations self-consistently. For superconducting LaTiO3/SrTiO3 systems, they estimated
a 2DEG width of 3 nm for a sheet carrier density of 4×1013 cm−2, similar to our case.
It is therefore reasonable to assume that the 2DEG thickness in our samples is limited to
a few nanometres, so that ξ > t and the 2DEG can be classified as a two-dimensional
superconductor.
Fig. 3c shows the evolution of superconducting features with the application of large
currents. The voltage drop (Vdrop) is measured across the V+,V− contacts (Fig. 1b) as
7
FIG. 4. Tuning of superconducting features with a gate voltage. (a) Resistance (R) is
measured as a function of temperature (T ) at different gate voltage (Vg) values. The colourscale
indicates the ratio R(T )/R0.5K , where R0.5K is the resistance at 0.5 K for each value of Vg. The
critical temperature varies with Vg in the shape of a superconducting dome. Inset: A few curves at
selected gate voltages are shown. (b) Voltage drop (Vdrop) is measured across the voltage probes as
a function of dc current (Idc) for different gate voltages. (c) The resistance (R) of the 2DEG can
be made to switch between superconducting and resistive states by controlling the gate voltage at
a fixed Idc.
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a function of dc current (Idc) injected through the current leads I+,I−. A critical cur-
rent of 2.7 µA is observed at 50 mK. Ginzburg-Landau mean-field theory predicts that
the critical current (Ic) should vary with temperature
32 according to the relation: Ic ∝
(1− T 2/T 2c )3/2(1 + T 2/T 2c )1/2. The theoretical fit (Fig. 3d) captures the trend of the exper-
imental data to a certain extent, but it is not a perfect match. Deviation from mean-field
results may arise because the 2DEG can be spatially inhomogeneous33 with the individ-
ual superconducting islands showing a distribution of critical current densities. Multiple
experiments have provided evidence that the superconducting 2DEG at SrTiO3-based in-
terfaces have inhomogeneous electronic structure10,11,34. Scopigno et al.35 have proposed
from theoretical considerations that spatial inhomogeneity is an intrinsic consequence of
the two-dimensionality of the 2DEG. It is also possible that the amorphous alumina cap-
ping layer in our heterostructures induce inhomogeneities in the superconducting 2DEG.
These factors may account for the deviations from the behaviour expected of homogeneous
superconducting thin films seen in our critical current measurements.
We now demonstrate the gate-tunability of the superconducting 2DEG. The applica-
tion of a gate voltage (Vg) results in a tuning of the carrier density of the electronic sys-
tem. From Hall effect measurements at 4 K, we inferred carrier densities of 1.8×1013 cm−2,
2.4×1013 cm−2, 2.9×1013 cm−2 for Vg values of -80 V, 0 V, 80 V respectively. The variation
of the superconducting transition temperature (Tc), as a function of gate voltage, is ob-
served (Fig. 4a) to be non-monotonic, reproducing the feature of a superconducting dome.
To acquire this data set, the gate voltage was swept from positive to negative voltages. At
every 10 V interval of Vg, the resistance (R) was measured as a function of temperature (T ).
The maximum of Tc occurs for Vg=-30 V. The most famous systems showing the feature of
a superconducting dome are the cuprate compounds12. However, before the cuprates were
discovered, this feature had been found in bulk-doped crystals of SrTiO3 (which are band in-
sulators in the absence of doping), with the maximum Tc being 450 mK.
36 The nature of the
pairing interaction in this system still remains an unsettled question.37 A question naturally
arises: is there a similarity between the superconducting phenomena in bulk-doped crystals
of SrTiO3 and in the quantum-confined 2DEGs at SrTiO3-based interfaces? Comparison of
the superconducting domes of bulk crystals and the 2DEG at LaAlO3/SrTiO3 (001) interface
from experiments conducted by different research groups20,37,38 show that superconductivity
in the latter system occurs over a much narrower range of carrier concentrations. This issue
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needs further investigations. A second question is: are there similarities (and if so, what is
the reason) between the superconducting dome features in diverse types of materials? In the
case of high-Tc cuprates, the dome was thought to be associated with competing orders. But
in recent times the same feature has been found to exist in ultrathin MoS2 (for which carrier
density is tuned with an electrolytic gate)15 where no competing order is expected. There is
a renewed motivation to study the superconducting phase diagram of two-dimensional sys-
tems to understand these problems. For future research on such questions, the AlOx/SrTiO3
heterostructure introduced here can serve as a model system.
In Fig. 4b, we show the evolution of four-probe voltage drop as a function of dc current
at different values of Vg at the base temperature of the dilution refrigerator. A few abrupt
steps are noticed in the curves recorded at high gate voltages. These seem to be signatures
of inhomogeneous transport, with different regions of the 2DEG undergoing transitions for
different parameters of current density. It is possible that inhomogeneous transport occurs
throughout the entire range of gate voltages in varying degrees.
For certain values of dc current (Idc) in Fig. 4b, the system may reside either in the
superconducting state or in a resistive state, depending upon the applied Vg. This regime was
further investigated by setting Idc at a constant value of 3.2 µA and continuously changing
the gate voltage at a sweep rate of 240 mV/s. The resistance (Fig. 4c) switches from the
superconducting to the resistive state with a hysteresis depending upon the direction of gate
voltage sweep. Moreover, on slowing down the rate of gate voltage sweep to 60 mV/s., we
observed a 27% reduction in hysteresis (quantified by the difference between Vg values at
which the transition occurs on reversing the sweep direction). In the past, hysteretic effects
have been observed in SrTiO3-based heterostructures in the normal conducting state, and
attributed to the presence of charge trap states at the interface29,39 and to the gate-voltage
dependence of the confining potential width29. However, in the present case, the hysteresis
is most likely caused by heating effects due to current biasing. When the transition is driven
from the superconducting to the resistive state, no heating is expected before the transition.
But upon increasing the gate voltage (from negative to positive values of Vg), the applied
dc current can cause Joule heating, which will delay the occurrence of the superconducting
transition.
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Conclusions
In conclusion, we have developed a method, not requiring complex oxide deposition, for
the realization of a superconducting 2DEG in an AlOx/SrTiO3 heterostructure and demon-
strated that the superconducting critical parameters can be tuned by the application of an
electrostatic gate voltage. This 2DEG reproduces the main transport signatures known to
exist in SrTiO3-based 2DEGs like LaAlO3/SrTiO3 and LaTiO3/SrTiO3. Since the process
developed in the present work for realizing a superconducting 2DEG is simpler compared to
conventional methods used for a number of oxide-based systems, it is encouraging for research
spanning a wide range of questions in solid state physics. It raises hopes that several new
oxide-based 2DEGs can be generated for transport experiments, e.g., in anatase-TiO2 and
BaTiO3
21 - where the existence of electronic gases at the surface have been confirmed using
ARPES. Transport measurements indicate that AlOx/SrTiO3 is a model system for study-
ing phenomena related to electronic correlations in low dimensions, e.g., the development
of macroscopic phase coherence in the superconducting state, origin of a superconducting
dome in the phase diagram and electric and magnetic field-induced quantum critical be-
haviour. Furthermore, there have been efforts in recent years to explore oxide-based 2DEGs
as a platform for nanoelectronic devices40–42 both for applications and developing basic un-
derstanding of electronic phenomena at play. Our work demonstrates a simple route to
researchers involved in such transport experiments to realize 2DEG heterostructures.
ACKNOWLEDGMENTS
The authors thank R. Deblock, H. Bouchiat and S. Gue´ron for help during the measure-
ments with the dilution refrigerator, and valuable comments on the manuscript. We thank
N. Bergeal and M. Gabay for interesting discussions, and P. Senzier for help with the PPMS.
This work was supported by public grants from the French National Research Agency
(ANR), project LACUNES No ANR-13-BS04-0006-01, and the “Laboratoire d’Excellence
Physique Atomes Lumie`re Matie`re” (LabEx PALM projects ELECTROX and 2DTROX)
overseen by the ANR as part of the “Investissements d’Avenir” program (reference: ANR-
10-LABX-0039).
11
REFERENCES
1V. F. Gantmakher et al., Phys.-Usp. 53, 1-49 (2010).
2Sondhi, S. L. et al., Rev. Mod. Phys. 69, 315-333 (1997).
3Hebard, A. F. et al., Phys. Rev. Lett. 65, 927 (1990).
4Haviland, D. B. et al., Phys. Rev. Lett. 62, 2180 (1989).
5Reyren, N. et al., Science 317, 1196 (2007).
6Caviglia, A. D. et al, Nature 456, 624 (2008).
7Bell, C. et al., Phys. Rev. Lett. 103, 226802 (2009).
8Joshua, A. et al., Nature Communications 3, 1129 (2012).
9Dikin, D. A. et al., Phys. Rev. Lett. 107, 056802 (2011).
10Biscaras, J. et al., Nature Materials 12, 542 (2013).
11Prawiroatmodjo, G. E. D. K. et al., Phys. Rev. B 93, 184504 (2016).
12Keimer, B. et al., Nature 518, 179 (2015).
13Cheng, G. et al., Nature 521, 196 (2015).
14Richter, C. et al., Nature 502, 528 (2013).
15Ye, J. T. et al., Science 338, 1193 (2012).
16Costanzo, D. et al., Nature Nanotechnology 11, 339 (2016).
17Li, L. J. et al., Nature 529, 185 (2016).
18Xi, X. et al., Phys. Rev. Lett. 117, 106801 (2016).
19Fuchs, D. et al., Applied Physics Letters 105, 092602 (2014).
20Biscaras, J. et al., Phys. Rev. Lett. 108, 247004 (2012).
21Ro¨del, T. C. et al., Advanced Materials 28, 1976 (2016).
22Santander-Syro, A. F. et al., Nature 469, 189 (2011).
23Popovic´, Z. S. et al., Phys. Rev. Lett. 101, 256801 (2008).
24Chen, Y. et al., Nano Letters 11, 3774 (2011).
25Liu, Z. Q. et al., Phys. Rev. X 3, 021010 (2013).
26Delahaye, J. et al., J. Phys. D: Appl. Phys. 45, 315301 (2012)
27See Supplementary Information.
28We measure resistance in four-probe configuration (Fig. 1b). Two probes are used for
current leads (I+,I-) and two others for voltage leads (V+,V-). These four contacts are
positioned in an approximately linear geometry. The sheet resistivity is calculated by
12
multiplying the measured resistance with a geometrical factor, typically of the order of
unity. The geometrical factor is estimated following the procedure prescribed in F. M.
Smits, Bell System Technical Journal 37, 711 (1958) and L. B. Valdes, Proceedings of the
IRE 42, 420 (1954). The contact resistance is usually a few kiloOhms at room temperature
and a few hundred Ohms at 4 K. The non-monotonic feature observed in Fig. 2a for Dev1
at 90 K was reproducible. No such feature was seen for Dev2.
29Biscaras, J. et al., Scientific Reports 4, 6788 (2014).
30Steiner, M. et al., Physica C: Superconductivity 422, 16 (2005).
31Mehta, M. et al., Nature Communications 3, 955 (2012).
32Skocpol, W. J. et al., Journal of Applied Physics 45, 4054 (1974).
33Caprara, S. et al., Phys. Rev. B 84, 014514 (2011).
34Bert, J. A. et al., Nature Physics 7, 767 (2011).
35Scopigno, N. et al., Phys. Rev. Lett. 116, 026804 (2016).
36Schooley, J. F. et al., Phys. Rev. Lett. 14, 305 (1965).
37Lin, X. et al., Phys. Rev. Lett. 112, 207002 (2014).
38Gariglio, S. et al., APL Materials 4, 060701 (2016).
39Liu, W. et al., APL Materials 3, 062805 (2015).
40Xie, Y. et al., Nano Letters 10, 2588 (2010).
41Goswami, S. et al., Nano Letters 15, 2627 (2015).
42Goswami, S. et al., Nature Nanotechnology 11, 861 (2016).
13
SUPPLEMENTARY INFORMATION
1. Sample fabrication
(001)-oriented SrTiO3 crystals were purchased from CrysTec GmbH. In order to obtain
TiO2 terminated surfaces, the crystals were ultrasonically agitated in deionized water, etched
in buffered HF and annealed at 950◦ C for three hours in oxygen flow. The surfaces were
checked under an atomic force microscope (AFM). The crystals were then exposed to ul-
traviolet light up to 8 minutes to remove carbon contamination and immediately intoduced
into the UHV (ultrahigh vacuum) chamber for Al deposition. An annealing step was per-
formed to further clean the surface contamination by heating. Samples denoted by Dev1
and Dev2 in the main text were heated to 300◦ C and maintained at that temperature for
half-an-hour. In the case of Dev3, it was heated to 600◦ C for 1 minute. Following this step,
the temperature was allowed to reduce, and 2 nm of Al were evaporated (using a Knudsen
cell at a rate of 0.002 nm/s) at a temperature higher than room temperature (200◦ C for
samples Dev1 and Dev3, and 100◦ C for Dev2).
Samples Dev2 and Dev3 were measured in a dilution refrigerator and both were found to
be superconducting.
FIG. S5. Resistance (R) as a function of temperature (T ) at different magnetic field values,
measured on Dev2. The sheet resistivity is obtained by multiplying R with a factor of 2.7 (arising
from the geometry of the contacts).
14
2. Superconductivity in Dev2
The transport properties of Dev2 were characterized in a dilution refrigerator and the
superconducting critical temperature was determined to be 400 mK. Fig. S5 shows the
plots of the resistance as a function of temperature for different values of the magnetic field.
The critical temperature for this device (without any applied gate voltage) is higher than
the maximum critical temperature observed in Dev3 (Fig. 4a of main text). We speculate
that there can be sample-to-sample variations of the maximum critical temperature due to
effects like surface disorder and variations in oxygen vacancy concentration, which are not
systematically controlled.
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